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Liquid Metal Blankets

Fusion blanket requirements include tritium 
breeding, neutron shielding, and extracting thermal 
energy.
Why Liquid Metals?

Liquid blankets offer superior heat removal for 
high-heat flux components compared to solid 
blankets.

Liquid metals such as PbLi allow tritium breeding.
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Moving a conductive fluid in a magnetic field will induce a drag 
via the electromagnetic Lorentz force:

Introducing the Lorentz Force
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u

B J = 𝜎(u X B) J X B

Resulting Lorentz Force 
opposes the direction of 
flow, acting as a braking 
force.
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Governing Liquid Metal Equations

Continuity Equation (Mass Conservation)

Incompressible Navier-Stokes with Lorentz Force

Current Conservation

Ohm’s Law 
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Important Non-Dimensional Numbers 

Various non-dimensional numbers provide insight on which 
forces dominate in the flow. 
• Reynolds number 

• Hartmann number

• Magnetic Reynolds number

• Stuart number
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Solving The Problem

Built on top of OpenFOAM’s open-source, finite-volume framework. 
FreeMHD is capable of simulating 3D liquid metal flows under high magnetic 
fields.

Solving the inductionless MHD equations, making use of the electric potential 
formulation, gives the Poisson Equation:

Assumes                   : magnetic diffusion highly dominates, quickly dissipating 
induced magnetic fields
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Cluster and Job Details
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Case Ha=20 Ha=1000

HPC Cluster UW-Madison CHTC UW-Madison CHTC

CPU Resources 32 Parallel Cores 96 Parallel Cores

Memory (RAM) 256 MB / Core 256 MB / Core

Decomposition Scotch Scotch

Scheduler SLURM SLURM

Timestep 1e-6 to 2e-4 s 1e-6 to 1e-5 s

Courant Limit 0.4 0.4



FreeMHD Validation

Benchmarked against known analytical 
solutions for straight ducts as part of 
original validation.

FreeMHD is able to simulate high 
Hartmann numbers accurately, closely 
aligning with analytical solutions even 
at Ha = 10000.

Straight pipe Shercliff flow 
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Flows for Nuclear Fusion Applications," PhD Thesis, Kyushu University 
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Liquid Metal Analytical Solutions

Using the same 
parameters as the 

simulations, analytical 
solutions were found for 

both the Shercliff and 
Hunt flow. 
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Geometry Setup - LM Duct Flow 

6th Fusion HPC Workshop

Shercliff Hunt
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Test Case Boundary Conditions
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Walls:

Outlet: Inlet:

Z
X

Re = 1, N = 400, Re/Ha = 0.05



Test Case Mesh - Ha = 20

% cells in BL = 10
BL thickness %  = 5
Expansion ratio = 10
Cell total = 605,000
Mesh type = structured hex 
mesh
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Hartmann 
layers need at 
least 5-8 cells 

across the 
boundary.



The Internal Flow - Shercliff
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Boundary Layer Development - Shercliff
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Liquid Metal Velocity Profile - Shercliff
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FreeMHD Test Case - Shercliff Flow 



FreeMHD Test Case - Shercliff Flow 

Shercliff 
Layers

Hartmann 
Layers

δHa = 0.005 m
δs = 0.022 m



The Internal Flow - Hunt
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Boundary Layer Development - Hunt 
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Liquid Metal Velocity Profile - Hunt
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Liquid Metal Velocity Profile - Hunt
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FreeMHD Test Case - Hunt Flow



FreeMHD Test Case - Hunt Flow

Hunt/Side 
Layers

Hartmann 
Layers



FreeMHD Benchmarking

These FreeMHD results 
can be compared 

against the previously 
found analytical results. 

Points were sampled 
along x = +0.5 m to 

ensure a fully developed 
velocity profile. 
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Test Case Mesh - Ha = 1000

% cells in BL = 10
BL thickness %  = 0.01
Expansion ratio = 500
Cell total = 1,440,000
Mesh type = structured hex 
mesh
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Hartmann layer 
thickness 

scales by L/Ha



Test Case Boundary Conditions - Ha = 1000 

6th Fusion HPC Workshop

Walls:

Outlet: Inlet:

Z
X

Re = 97.25, N ≃ 1028, Re/Ha = 0.09725



FreeMHD Test Case - Shercliff Flow [Ha = 1000] 



FreeMHD Test Case - Shercliff Flow [Ha = 1000] 

Shercliff 
Layers

Hartmann 
Layers



Liquid Metal Velocity Profile - High Ha
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Liquid Metal Velocity Profile - Comparison
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H
a = 20

H
a = 1000



Liquid Metal Velocity Profile - Comparison
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Future Work

• Variations of Ha and Re numbers
• Explore different curve angles
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Extra Slides
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OpenFOAM - Inputs 

U = (0 0 0) m/s 
T = 300 K
p_rgh 

Inlet = 1E+5 Pa 
Outlet = zeroGrad

B0 = (0 1 0) T
potE = 0 V

Turbulence: off

U BC:  zeroGradient (Neumann)
p_rgh BC: totalPressure (Dirichlet)

6th Fusion HPC Workshop

Liquid Metal = galinstan
Species

molWeight = 18.0
Equation of State

rho = 6360 kg/m^3
Thermodynamics

Cp = 295 J/kg*K
Cv = 4195 J/kg*K
Hf = 0 J/kg

Transport
mu = 1.89528e-3 Pa*s
Pr = 0.04268

elcond = 3.1e+6 S/m



Laminar or Turbulent?

Check laminar vs turbulent Re/Ha number from literature (should 
be laminar Ha dominated flow)

For conductive side walls (Re/Ha)_crit = 380
For fully insulated walls (Re/Ha)_crit = 300
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